ingapore is the first country in the world to have a nationwide broadband network infrastructure deployed. A national initiative called Singapore ONE (One Network for Everyone) [1] was launched in 1997 to provide residential broadband access via asymmetric digital subscriber loop (ADSL) or CATV cable modem technologies, and business access via asynchronous transfer mode (ATM). As of June 1998, Singapore ONE supported more than 10,000 users with over 120 commercial applications. More than 100,000 users are projected by the end of 1999, increasing to 400,000 by the year 2001. Even as aggressive programs for making Singapore ONE a commercial service were rolled out, plans were made in parallel to address the technology, research, and education needs of the country in broadband networking and the next-generation Internet. Toward this end, another major national initiative was announced in 1997 for an advanced research and education network called the Singapore Advanced Research and Education Network (SingAREN) [2] .
THE OBJECTIVES OF SINGAREN
SingAREN is a national initiative to create a very high-speed network platform to support R&D and advanced technology development, serving users from academia, research organizations, and industry. It was established with the following goals:
• To be the leading broadband network technology center in the region for network R&D and testing • To facilitate the deployment of several high-impact broadband applications in Singapore and the region • To lead in Singapore's transition to the next-generation Internet • To make Singapore a major node on the global information highway for research and education SingAREN is funded for three years by the National Science & Technology Board (NSTB), the government R&D funding agency, and the Telecommunication Authority of Singapore (TAS), the nation's telecommunication regulatory body. One of TAS's key interests in SingAREN is to establish an alternate telecom infrastructure for research in addition to commerce, and to give Singapore some experience in managing new technologies such as the gigabits per second point of presence (gigaPOP).
SingAREN is managed by Kent Ridge Digital Laboratories (KRDL), in close partnership with the National University of Singapore (NUS) and Nanyang Technological University (NTU), specifically, the Center for Internet Research (CIR) at NUS and the Network Technology Research Center (NTRC) at NTU. KRDL is the largest government R&D organization in Singapore, carrying out research in information and networking technologies. The CIR and NTRC are research centers within the two universities in Singapore working on broadband and Internet technologies. Within KRDL, the SingAREN Technology Center (STC) manages the network operations of SingAREN and provides technical services for interoperability testing of broadband equipment and protocols, and consultancy in network integration. It also administers a Broadband Grant to support R&D projects in broadband networking. The purpose of this grant, and other industry development incentives from NSTB and TAS, as well as other agencies, is to develop the fledgling multimedia broadband industry in Singapore.
TECHNOLOGY SUPPORT FOR SINGAPORE ONE
A key objective of SingAREN is to provide technological support for Singapore ONE. Singapore ONE is the national broadband network infrastructure for delivering high-speed interactive multimedia applications and services to homes, businesses, and schools throughout Singapore. It aims to put Singapore at the cutting edge of the digital age: redefining lifestyles, reinventing work and leisure, and powering the country's economic engine.
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Singapore is the first country in the world to have a nationwide broadband network infrastructure deployed. What started as an experimental ATM testbed network in 1995 has now become a nationwide broadband infrastructure called Singapore ONE, launched in 1997 to provide residential broadband access via ADSL or CATV cable modem technologies, and business access via ATM. As of June 1998, Singapore ONE supported more than 10,000 users with over 120 commercial applications. More than 100,000 users are projected by the end of 1999, increasing to 400,000 by the year 2001. In order to support the technological needs of broadband communications under Singapore ONE, and to address the national R&D agenda in this area, an advanced research network called the Singapore Advanced Research and Education Network (SingAREN) was established in late 1997. This article gives an overview of the broadband infrastructure initiatives in Singapore, focusing on the SingAREN project. The goals of SingAREN, its network configuration, the research programs and activities to date, and plans for the future are described.
ABSTRACT
Driven by several government agencies, including the NSTB, TAS, and National Computer Board (NCB), Singapore ONE represents a strategic move to prepare the nation for the broadband network age, and as a hub for the knowledge-based industries of the next millennium. First envisioned in the early 1990s as part of Singapore's national information technology plan, Singapore ONE was announced by the government in 1996. This was followed by the formation of a local industry consortium, 1-Net Pte Ltd, to build, own, and operate the core broadband network. Consortium members comprise the two infrastructure providers: Singapore Telecom, the telecommunications network operator, and Singapore Cable Vision (SCV), the cable operator, together with all the Internet service providers (ISPs). The TAS, as the initiator of the consortium, also took a minority stake.
The left part of Fig. 1 shows the Singapore ONE broadband network infrastructure. This consists of a commercial broadband ATM backbone operated by 1-Net, together with access networks served by ADSL modems (offered by Singapore Telecom) and cable modems (offered by SCV). Businesses and service providers can connect to the backbone directly via ATM. The core backbone network provides a total bandwidth of close to 100 Gb/s switching capacity, while the ADSL and cable modem access networks provide each end user a bandwidth on the order of 5-10 Mb/s. Currently, access to Singapore ONE is possible from more than 90 percent of households in Singapore.
To accelerate the adoption of Singapore ONE, public research organizations and private companies alike were encouraged to develop the necessary enabling technologies, services, and applications for this network. In 1997, the pilot network was officially launched with modest targets of 5000 users and 100 applications. Both of these targets were exceeded by the middle of 1998, followed by the announcement of Singapore ONE as a commercial broadband network. At the same time, the government pressed ahead with many other initiatives to reinforce the usage of Singapore ONE. These included the introduction of various electronic commerce laws and the wiring up of all schools with high-speed networks under the IT Masterplan for Education.
SingAREN aims to support the growth of Singapore ONE at two levels. The first is the broadband infrastructure technology level. This involves the provision of network testing facilities for various broadband equipment and software components to ensure that the Singapore ONE network is always supported by the latest vendor products and conforms to international or industry standards. Developments in technical organizations such as the ATM Forum and the Internet Engineering Task Force (IETF) are also closely tracked. SingAREN is itself a testbed network for the exploration of advanced research ideas on broadband networking from universities, research institutes, and industry.
The second level is that of advanced Internet applications and services. SingAREN links Singapore's research and education community at high speed to their global counterparts. The SingAREN project team works with various Internet application research groups both locally and internationally to exploit the full potential of high-speed networking. Team members therefore participate actively in the various programs of international networking groups such as the Asia Pacific Advanced Network (APAN), Internet-2 Consortium, and various initiatives of the Asia Pacific Information Infrastructure (APII) under the auspices of the Asia Pacific Economic Cooperation (APEC). The SingAREN R&D network is shown in the right half of Fig. 1 .
The SingAREN local experimental broadband network (Fig. 2) SingAREN is also linked to the existing Singapore ONE infrastructure. This arrangement allows new technologies and services to be investigated, developed and tested in a realistic but experimentally flexible environment. The SingAREN network is capable of supporting a wide range of advanced networking technology trials and high-bandwidth applications, which will be described later in this article.
The local SingAREN network configuration provides for 155 Mb/s native ATM virtual connections (VCs), and IP access services using a router, thus forming a GigaPOP to its connecting nodes. This GigaPOP concentrates all SingAREN local IP traffic and services, and provides the routing function using the Border Gateway Protocol (BGP). It enables the development and testing of high-bandwidth IPbased applications. Native ATM VCs, on the other hand, are required for experimentation with ATM quality-of-service (QoS) guarantees [3] , as well as new signaling protocols and control schemes, such as Multi-Protocol Over ATM (MPOA).
For international connections, SingAREN operates another router running BGP to provide international access for all outbound traffic from the local links. Traffic arriving on the international links, however, is BGP-routed based on the autonomous system (AS) numbers assigned to the local subnetworks. Figure 3 shows the current SingAREN International GigaPOP configuration.
SingAREN currently has a long-haul (over 14,000 km) 14 Mb/s link to the Science, Technology and Research Transit Access Point (STAR TAP) in Chicago, Illinois, and a 2 Mb/s link to Japan. Singapore is the first country outside North America to connect to STAR TAP. From STAR TAP, SingAREN is linked to the very high-performance backbone network service (vBNS) in the United States, and Canada's CA*net II, managed by the Canadian Advanced Network for Research, Industry and Education (CANARIE) [6] . Currently there are about 500 sites accessible through the STAR TAP, connecting to thousands of hosts at universities and other research establishments in the United States and Canada. A connection to Europe is possible via CANARIE's trans-Atlantic ATM connections, specifically over the commercial 45 Mb/s CANTAT-3 s European link landing at Sylt, Germany. The Japan link is connected to various advanced R&D organizations in Japan such as the Communications Research Laboratories (CRL) in Tokyo. Research and education establishments in Singapore can therefore make use of these SingAREN international connections to carry out collaborative research with their counterparts in the United States, Canada, Japan, and Europe. The entire SingAREN backbone network and its day-today operations are managed and maintained by a network operation center (NOC) team using appropriate tools such as network management stations and a video-based help desk. In particular, the NOC team manages the various native ATM connections and IP access services on the network for both local and international connections.
Currently, the SingAREN network uses ATM as its basic transport technology. However, provision has also been made for wavelength-division multiplexing (WDM) technology to be implemented on some of the local fiber links. This is to allow trials of non-ATM broadband technologies such as IP-over-synchronous optical network/digital hierarchy (SONET/SDH) [7] to be carried out in the near future. The experience and empirical data gathered from operating the SingAREN network is expected to be important for charting an appropriate growth path in the evolution of Singapore ONE.
SINGAREN TECHNOLOGY CENTER (STC)
Besides providing and operating the basic network infrastructure, SingAREN also aims to be a leading technology center in the areas of network testing and research. This is the role of the SingAREN Technology Center (STC), housed at KRDL. The center's technology focus will align closely with the development of Singapore ONE as it evolves over time. The center will therefore need to test various broadband hardware and software networking solutions.
This testing work includes three categories of ATM network testing, namely:
• Protocol conformance testing • Interoperability testing • Performance testing
In the near future, the center plans to include applicationlevel performance testing, as well as create special test tools and instruments to solve special problems relating to the Singapore ONE network.
The SingAREN Technology Center will undertake, on behalf of the TAS, type-approval testing of broadband equipment for use in Singapore ONE. For this purpose, various solutions and frameworks as defined by the ATM Forum and other standards bodies will be adopted for use in the testing and approval process.
To provide a realistic test environment, the center has set up a miniature version of the Singapore ONE network, comprising a main core ATM switch (up to 80 Gb/s aggregated switching capacity) and various access equipment. Logical connections can be set up between the test network and the actual Singapore ONE infrastructure. This is to enable tests to be accurately carried out without upsetting the day-to-day operations of Singapore ONE.
Various programs have been planned to closely involve industry partners such as network equipment vendors, system integrators, and research organizations in the SingAREN Technology Center. For example, the SingAREN Partnership in Network Testing (SPRINT) program outlines various ways in which industry partners can engage the services of the Technology Center and make use of its facilities. 
BROADBAND R&D TECHNOLOGY GROUPS
This is a program to engage state-of-the-art networking research ideas with SingAREN's local and overseas project partners from industry, universities and RIs/RCs. Together with its project partners, SingAREN will undertake to initiate a particular broadband technology theme which it recognizes as important for the continuous development of next-generation broadband networking. Participants will form technology groups (ToGs) through which SingAREN will help to initiate various R&D projects by providing the necessary funding and equipment support, as well as supervision for these projects to bear useful results. Furthermore, SingAREN's testbed will also provide a larger experimental network for these participants to carry out realistic trials and experiments with one another. ToGs also aim to provide a forum for all project members to exchange relevant research information.
To achieve this, regular talks and meetings will be organized by SingAREN for the exchange of research ideas among ToG participants. Further details on the partnership between SingAREN and its ToG participants will be provided below. Two ToGs have thus far been proposed: the Multicast ToG (SAMToG) and Traffic Management ToG (TIMToG).
TOG PARTICIPATION
Participants who have been identified to have strong interest and expertise in one or more relevant research topics are invited to join a ToG. Full participation of each member of a ToG will certainly go a long way in helping it to achieve its aims. To start with, a small set of participants and projects will be identified, while other suitable participants and projects will be included in due course.
Each interested participant will propose and work on one or more of the research topics identified, although other topic suggestions are welcome. The participants are also encouraged to work with each other as long as the conditions (e.g., IPR issues) permit and other business conflicts are resolved. It is expected that initially the grouping will be loose, but more integrated subgroups will be formed as participants discover mutual interests in each other.
THE ROLE OF SINGAREN
The SingAREN backbone network, as well as other smaller network "groups" which are connected to the backbone, will be used for the trials and development of various ToG projects. The SingAREN project team will also provide the engineering resource for setting up network connections locally, or between Singapore and overseas project participants. Sing-AREN will also provide other resources such as specialized equipment and software whenever possible.
In addition, SingAREN will undertake some of the management and coordination activities, such as: 
PROJECT FUNDING AND MANAGEMENT
SingAREN will provide some funds through its Broadband R&D Grant for each project according to their funding requirements. This grant will cover both the manpower and equipment requirements for the project. All terms and conditions of the grant will apply. This way of funding is thought to be applicable to industrial ToG partners.
For research institutes and centers, universities, and other academic institutions, however, SingAREN will help by providing manpower funding in the form of research students and staff to the respective projects. With regards to the required equipment, however, SingAREN encourages the sharing of equipment (e.g., PCs, network test and monitoring equipment). This will be achieved through identifying common sharable equipment that will be owned and housed at the SingAREN laboratory. The equipment will be shared by project groups by attaching their members to the laboratory or through a shortterm loan to the project groups for a specific period.
SingAREN will also monitor the progress of these projects by holding regular workshops, working meetings, and discussion groups involving the project participants. Some of these meetings will also be opened to non-project participants. Project participants are expected to submit regular progress reports detailing their progress.
SingAREN ToG therefore seeks to promote a dynamic experimental and research environment to address outstanding research issues. In the longer term it will also seek to contribute to and promote the adoption of these technologies in standards bodies, as well as the implementation of these schemes on commercial infrastructures.
CURRENT TECHNOLOGY GROUPS
Multicast Technology Group (SAMToG) -Multicast is a new and powerful communication scheme for networking in the future. It permits information to be sent from one source to several receivers in a multicast group. Multicast is expected to supersede existing unicast to become the preferred communication service, it being the far more efficient communications scheme when multiple receivers are present. This is achieved by exploiting many-to-many communications with a dynamic membership grouping scheme. Each member in a multicast group can also have unique traffic characteristics in the form of QoS guarantees. Multicast communication was first proposed and tested in the late 1980s; its growing importance can be seen from the establishment of the worldwide multicast backbone (MBone) and the recent 6Bone (using IPv6) services on the Internet. The MBone has been used worldwide by the Internet user community to transmit multimedia seminars and conferences, and to conduct joint discussions on a regular basis.
Current Internet multicast schemes do not go far enough to address issues such as performance, security, pricing, and billing, especially when they are implemented commercially; this partly explains the lack of multicast support on today's commercial network services. Due to its connection-oriented nature, however, provision of multicast over ATM networks -the key network technology for today's broadband infrastructures -is still a relatively new topic [8, 9] . Furthermore, it is still unclear if any of the proposed schemes can be made to support wireless and mobile terminals, which will become an important part of future broadband infrastructures. Many different schemes have been proposed [4, 5] which have generated a lot of interest within the networking research community. The main aim of SAMToG is therefore to propose an integrated multicast service on the backbone network which is suitable for public network deployment and can also support other emerging but incompatible multicast techniques which are likely to be adopted in a private network environment. Figure 4 shows the overall vision of SAMToG. Some of the major issues being investigated are the following: The main objective of SAMToG is to involve an international group of researchers from universities, research institutes, and networking vendors to conduct trials and research on various broadband multicasting technologies over the SingAREN broadband network infrastructure. It is hoped that SAMToG will go a long way in encouraging innovative research, proposing technical solutions for standards bodies (e.g., IETF, ATM Forum), as well as for the future deployment of multicasting services over broadband multimedia infrastructures such as Singapore ONE and other networks for Internet access.
Tele-Traffic Technology Group (TELToG) -One of the most important objectives for SingAREN is to support highbandwidth multimedia applications over its connections. The provision of high raw-bit bandwidth is only the beginning, as higher-level protocols and applications can impose other stringent requirements such as end-to-end delay and loss on the network. To be able to understand the complex traffic dynamics of broadband networks, a new generation of network tools for traffic monitoring and management is key in this area of research. For example, the staff at SingAREN's NOC have been actively involved in tuning the end-to-end protocol performance of several international links. In initial tests with CANARIE, the TCP throughput over the 14 Mb/s link was only about 1 Mb/s due mainly to the only recently well-understood TCP dynamics [6] . The solution involves the tuning of TCP/IP parameters such as buffer sizes and the traffic patterns supported by the underlying ATM VCs. Similar performance problems had been observed by other high-speed testbed operators [10] ; however, none of them involved a link as long as the SingAREN-CANARIE link. SingAREN will be collaborating with various international partners to conduct further tests on its international links.
Several link-level traffic monitoring projects have also been started to collect and present statistics information on the SingAREN OC3 and DS3 links. This work is based on work carried out by the National Laboratory for Applied Network Research (NLANR) and MCI, as well as other related work by the Cooperative Association for Internet Data Analysis (CAIDA) [11] . SingAREN is currently building a DS3 (45 Mb/s) monitoring system on the main link carrying international-bound traffic. In the future, novel network architectures optimized to support the streaming of real-time data such as video and audio are expected to be important. This ToG will support and advance the progress of R&D projects in these areas. Several major technical issues of interests are:
• Network traffic monitoring, profiling, and performance measurement • Performance of TCP/IP protocols over long-haul links • Support for audio/video data and streaming • QoS guaranteed traffic flows
INTERNATIONAL COLLABORATIVE RESEARCH PROJECTS AND ADVANCED APPLICATIONS
Besides networking technologies, another of SingAREN's key objectives is to spur and facilitate the deployment of advanced broadband applications between Singapore and other countries. SingAREN's international connections permit collaborative research to be carried out between researchers in Singapore and those in countries connected to SingAREN. The motivation for this is to leverage on one another's expertise, and share resources (e.g., data and equipment) and funding, thus helping to raise the level and recognition of R&D activities in Singapore in the international arena. SingAREN also plays a "matchmaking" role in identifying potential research partners overseas in various domain areas of research and putting researchers in Singapore in contact with these research groups overseas.
There are two main types of collaborative research projects. The first is not concerned with the creation of new applications which run over high-speed network connections, but is concerned mainly with using the network as an advanced communications infrastructure on which to run applications. Typical applications include videoconferencing, computer-supported cooperative workspaces (CSCWs), including shared applications and whiteboards, general 3D immersive environments, and remote databases. Almost any field of research can benefit from this type of collaborative project, such as the humanities, management, and law, in addition to the scientific, medical, and engineering disciplines. The second type of collaborative research project involves doing something new with networking technology, such as new ways of performing research, visualizing data, or controlling equipment over long distances. This type of collaborative research is especially relevant to the scientific, medical, and engineering disciplines, and will be dealt with in detail in the next subsection.
Although the project teams from each side are expected to secure the required funding and manage these projects themselves, SingAREN seeks to support the networking needs of these projects by providing assistance both financially and technically. Financial assistance can come in the form of subsidies in the cost of subscribing to and using SingAREN links. Technical assistance can come in the form of SingAREN engineers working closely with project teams to advise on how to incorporate networking components into their overall project plan and scope, and how to exploit the available high network bandwidths to maximize their scope. 
ADVANCED APPLICATIONS OVER HIGH-SPEED NETWORKS
Advanced applications are characterized by the following networking requirements:
• High bandwidth, on the order of megabits per second • QoS in terms of low or bounded latency, delay variation, and data loss These requirements are satisfied by the SingAREN local and international ATM connections at the ATM level, although bandwidth and QoS at the TCP/IP level require tuning of key network parameters as well as new functionalities in network equipment, and are current networking research areas.
There are several domain areas which can benefit from advanced applications running over high-speed networks, such as bioinformatics, telemedicine, telesurgery, remote sensing, weather rorecasting, digital libraries and multimedia repositories, distance learning, engineering design and distributed control, telemanufacturing, tele-architecture, data mining, sciences (physics, chemistry, biology), and defense. Applications and content constitute the value to users over the physical network infrastructure, which can be considered as the "plumbing."
These advanced applications can also be grouped into several classes based on their characteristics: time data delivery, distributed computing, remote sensing and monitoring, and distributed control (e.g., of a scanning electron microscope). For such applications, data which arrive after the specified deadline have significantly reduced value.
• Sharing of scarce resources: These refer to new ways of connecting users to resources which are geographically distant from them, such as databases and specialized equipment (e.g., in manufacturing and supercomputing). Since these applications typically do not have strict timing requirements, the key networking requirement is high bandwidth.
• Networking research and middleware: These refer to new networking protocols, software, and equipment which are developed to improve on the existing software and hardware network infrastructures, such as ATM over long distances, QoS, RSVP, IPv6, multicast, and reliable bulk transfer over high-speed links.
To facilitate the development and deployment of advanced applications in the various domain areas mentioned above, the SingAREN Applications Support Group (ASG) was set up, with the following responsibilities:
• Advise on how to enable applications to run over the network. The ASG works closely with the SingAREN Technology Center (STC) to ensure reliable network connectivity between SingAREN users and their overseas counterparts.
• Assist in the design and prototyping of advanced networked applications and components, and advise on suitable software tools and communications technologies.
• Assist in forming new research collaborations (i.e., perform a matchmaking role). The ASG makes available tools and resources such as software libraries for reliable high-speed database access and data transfer, as well as traffic measurement and monitoring tools, and assists users in deploying these resources. It also provides documentation and white papers on technology issues related to advanced network applications, and promotes the use of desktop videoconferencing between researchers in Singapore and their overseas counterparts.
COLLABORATIVE AGREEMENTS AND PROJECTS
A number of projects spanning the application classes and domain areas mentioned above have been initiated. Several Memoranda of Understanding (MoU) have been signed between research organizations in Singapore with universities and research laboratories in the United States (November 7, 1997), Canada (November 21, 1997; June 1, 1998), and Japan (February 1997). These projects are at different stages of progress, ranging from some with regular network usage to others which have only started recently and are still in the application development stage. Details of these ongoing projects can be found in Table 1 .
INTERNATIONAL APPLICATION DEMONSTRATION TRIALS
Since its inception, SingAREN has been actively involved in various high-bandwidth international application trials in order to gain firsthand experience in the feasibility of deploying these applications on a routine basis. Among the application scenarios which have been attempted are distance learning and telemedicine (e.g., at the recent APEC TelMin3 ministerial meeting in Singapore in June 1998. Figure 5 shows the setup of a distance learning session which took place between a group of local students and their counterparts at Communications Research Center (CRC), Ottawa, Canada, over the SingAREN/STAR TAP/CA*net-II 14 Mb/s international link. Other application trials include telemedicine and s Figure 5 . Network setup of SingAREN international application trials. video-on-demand trials between two groups of users in Singapore and Japan over the SingAREN link to Tokyo, Japan. Both of these trials involved the use of one or more highquality audio and video (MPEG and 24-bit motion JPEG) streams. The trials have provided much insight on the logistics and technical requirements in supporting such applications over long-haul links, as well as the overall effectiveness of these applications in practice.
CONCLUSION
This article provides a detailed description of the broadband networking scenario in Singapore and the SingAREN highspeed research and education network. Various efforts and programs to promote broadband networking research and advanced applications development are also outlined. Amid the rapid and accelerating pace of change in high-speed networking technologies, SingAREN will work closely with its local and overseas partners and play an active role in the formation of the global information infrastructure and applications, especially in the Asia Pacific region.
